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CuS nanocrystals are potential materials for developing low-cost solar energy 
conversion devices. Understanding the underlying dynamics of photoinduced 
carriers in CuS nanocrystals is essential to improve their performance in these 
devices. In this work, we investigated the photoinduced hole dynamics in CuS 
nanodisks (NDs) using the combination of transient optical (OTA) and X-ray 
(XTA) absorption spectroscopy. OTA results show that the broad transient 
absorption in the visible region is attributed to the photoinduced hot and 
trapped holes. The hole trapping process occurs on a subpicosecond time 
scale, followed by carrier recombination (∼100 ps). The nature of the hole 
trapping sites, revealed by XTA, is characteristic of S or organic ligands on the 
surface of CuS NDs. These results not only suggest the possibility to control 
the hole dynamics by tuning the surface chemistry of CuS but also represent 
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the first time observation of hole dynamics in semiconductor nanocrystals 
using XTA. 
Keywords: CuS nanodisks; energy conversion; optical transient absorption 
spectroscopy; X-ray transient absorption spectroscopy 
Copper sulfides (Cu2–xS), well-known p-type semiconductors due 
to the stoichiometric deficiency of copper in the lattice, have attracted 
considerable attention because of their broad applications in diverse 
fields including photovoltaics, photocatalysis, batteries, chemical 
sensing, and electronics.1-4 There are several stable Cu2–xS phases with 
the stoichiometric factor x ranging between 0 and 1, from the copper-
rich chalcocite (Cu2S) to the copper-deficient composition (CuS). 
Among them, the hexagonal covellite (CuS) is of particular interest 
due to its significant density of free carriers (holes) in the valence 
band accounting for its unique metallic conductivity and the strong 
localized surface plasmon resonance (LSPR) in NIR.5-8 These 
characteristics, together with its suitable band gap (2.2 eV), make CuS 
potentially ideal as low-cost light-harvesting and charge-transport 
materials in photovoltaics and photocatalysis.7,9-11 
The successful utilization of CuS nanocrystals in photocatalysis 
and photovoltaic devices largely depends on the trapping and 
relaxation dynamics of charge carriers in CuS nanocrystals. Due to the 
larger amount of surface states in nanocrystals compared to the bulk 
materials, the electrons and holes in nanocrystals can be readily 
trapped at those surface states after photoexcitation, which typically 
results into a decreased device performance. Therefore, a fundamental 
understanding of the charge carrier trapping and relaxation dynamics 
in CuS nanocrystals is essential to rationally design efficient CuS 
nanocrystals for CuS-based devices. Although the synthesis of size and 
shape-controllable CuS nanocrystals5,10,12-14 and their LSPR properties 
have been extensively investigated in the past decade,5,8,15 little is 
known about the spectral signatures and dynamics of photogenerated 
carriers in CuS nanocrystals.16,17 In this work, we report the hole 
dynamics of CuS nanodisks (NDs) using the combination of optical 
(OTA) and X-ray (XTA) transient absorption spectroscopy. The 
ultrafast dynamics are explained in terms of hot hole relaxation and 
hole trapping into the localized states. The nature of the hole trapping 
state is elucidated by the XTA experiment, demonstrating that the 
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holes are mainly trapped at S or surrounding ligands on the surface of 
NDs. 
The monodisperse CuS NDs were synthesized using the 
solvothermal process, which involves the fast injection of sulfur/1-
octadecene (ODE) solution into the CuCl/hexadecylamine (HDA) 
mixture.18 Details of the synthesis are provided in the Supporting 
Information (SI). The morphology and structural features of CuS NDs 
are studied by transmission electron microscopy (TEM), and high-
resolution TEM (HRTEM), and X-ray diffraction (XRD). Figure 1a 
displays the representative TEM images of as-prepared CuS NDs, from 
which the two-dimensional disk-like morphology can be immediately 
inferred. The CuS NDs lying flat on the supporting substrate of the 
TEM grid are hexagonal, while those standing on their lateral sidewalls 
on the substrate appeared to be rod-shaped (the inset of Figure 1a). 
The dimensions of CuS NDs are estimated to be 11.0 × 3.2 nm with an 
aspect ratio of 3.4. The HRTEM image (Figure 1b) taken from a single 
CuS ND together with its convergent beam electron diffraction (CBED) 
taken using a 10 nm beam spot size (inset of Figure 1b) indicates that 
the single CuS ND is single-crystalline. The XRD patterns acquired on 
dry powders of NDs (Figure 1c, black line) confirm the formation of 
hexagonal CuS with Cu/S = 1:1 stoichiometry (JCPDS-01-1281, 
P63/mmc). 
 
Figure 1. TEM image (a), HRTEM image (b), and XRD patterns (c) of CuS NDs. The 
inset of (b) shows the CBED pattern of CuS NDs. The red vertical lines in (c) show 
diffraction peaks reported for CuS bulk reference patterns. 
The electronic state and chemical composition of the 
synthesized CuS NDs were analyzed by the combination of X-ray 
photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy 
(XAS). The high-resolution XPS of Cu 2p of CuS NDs (Figure 2a) shows 
two strong peaks at 931.8 and 951.6 eV, which is consistent with the 
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literature data of Cu+ 2p3/2 and 2p1/219 and can thus be attributed to 
Cu+ in CuS NDs. In addition, two low-intensity components on the high 
binding energy sides of Cu+ 2p3/2 and 2p1/2, that is, 932.7 and 953.5 
eV, are consistent with the Cu2+ binding energy and thus can be 
assigned to the Cu2+ oxidation state.21 The Cu2+ vacancy is further 
confirmed by the presence of the satellite peaks (marked as Sat. in 
Figure 2a), typical for the Cu +2 oxidation state.20,21 These Cu 2p 
bands can be adequately fitted by four curve-fitting bands, 
representing Cu2+ and Cu+ 2p3/2 and 2p1/2, respectively, suggesting the 
presence of both Cu2+ and Cu+ vacancies. The presence of Cu2+ was 
further confirmed by XAS studies. As shown in Figure 2b, a pre-edge 
feature at ∼8979 eV, representative of the quadrupole 1s–3d 
transitions of the Cu center, was observed. Because the electronic 
configuration of Cu0 is 3d104s1, the quadrupole 1s–3d transition is only 
allowed if there is Cu2+ in NDs with a 3d9 configuration, consistent with 
XPS results. Figure 2c shows the high-resolution XP spectrum at the S 
2p region. The deconvolution of the S 2p spectrum yields two main 
doublets at (161.7 eV, 162.9 eV) and (163.1 eV, 164.2 eV), which are 
typical values for metal sulfides and can be assigned to sulfide and 
disulfide, respectively.9,22,23 All of the above results indicate that the 
ionic model of the CuS NDs is (Cu2)2+(Cu)2+(S2)2–(S)2–, consistent with 
the valence state of 4/3 for Cu in CuS nanocrystals reported 
previously.24,25 
 
Figure 2. (a) High-resolution XP spectra of CuS NDs in the Cu 2p binding energy 
region. (b) The normalized (black) and derivative (red) Cu K-edge XAS spectra of CuS 
NDs. (c) High-resolution XP spectra of CuS NDs in the S 2p binding energy region. (d) 
Steady-state absorption spectrum of CuS NDs. 
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Figure 2d shows the UV–visible–NIR absorption spectrum of CuS 
NDs in toluene solution. The broad excitonic peak (Figure 2d inset) is 
observed in the UV–visible region with an absorption onset at ∼2.2 eV, 
which is strongly blue-shifted compared to the bulk reference, 
indicating a size quantization effect. In the NIR region, a well-defined 
absorption peak centered at 1261 nm is observed, which is 
characteristic of LSPR due to the presence of valence band free holes. 
Figure 3a and b shows the OTA spectra of CuS NDs in toluene at 
early time (<2 ps) and later time (>2 ps), respectively, after 1000 nm 
excitation. The initial spectrum (t = 0.3 ps) is dominated by two 
absorption bands centered at 672 and 530 nm and a broad negative 
signal at >720 nm. These spectral features quickly (<2 ps) evolve to 
two broader absorption bands centered at 690 and 480 nm with the 
vanishing of the bleach signal. This evolution is accompanied by two 
isosbestic points located at ∼709 and 472 nm, suggesting that the 
spectral evolution within the 2 ps time window is due to the formation 
of new species. After 2 ps (Figure 3b), the spectrum decays with time 
and shows negligible spectral evolution. The early time spectral 
evolution can be further seen by comparing the kinetics traces at 
different probe wavelengths. As shown in Figure 3c (inset), the kinetic 
trace at long probe wavelength (650 nm) shows an instantaneous rise, 
that is, comparable to the pump pulse width, followed by a fast decay. 
In contrast, the kinetic traces at shorter wavelengths exhibit a rising 
component with its time constant increasing at shorter wavelength. 
These probe-wavelength-dependent features at early time (<2 ps) are 
followed by the identical decay at later time (Figure 3c), which is 
consistent with the spectral evolution observed earlier and suggests 
the conversion between two species at t < 2 ps and intrinsic decay 
afterward. The probe-wavelength-dependent decay kinetics has been 
observed in other semiconductors and is characteristic of a charge 
carrier trapping process.26,27 Given that the excitation energy at 1000 
nm (1.24 eV) is much lower than the band gap excitation energy (∼2.2 
eV) and can only excite the plasmonic mode (step 1 in Scheme 1), it is 
reasonable to assign the broad absorption in the whole visible window 
to the photoinduced hole signal in CuS NDs. 
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Figure 3. (a,b) OTA spectra of CuS NDs at early time (<2 ps) and later time (>2 ps), 
respectively, after 1000 nm excitation. (c) The comparison of OTA kinetic traces of 
CuS NDs at probe wavelengths of 460, 500, 550, and 650 nm after 1000 nm 
excitation. (d) The comparison of OTA kinetic traces at 460 nm for CuS NDs in the 
presence and absence of the hole scavenger (1-dodecanethiol). 
 
Scheme 1. Schematic Illustration of Carrier Dynamics in CuS NDs after 1000 (red 
arrows) and 400 nm (blue arrows, left) Excitationa 
aAfter 1000 nm excitation (1), a hot hole is generated through exciting the plasmonic 
band, which is quickly followed by the hole trapping process (2). The 400 nm 
excitation generates a hot electron in the conduction band and a hot hole in the 
valence band (I). The hot hole in the valence bad quickly relaxes to the valence band 
edge (II) and is eventually trapped at the hole trapping site (III). In the presence of a 
hole scavenger, hole transfer occurs from the hole trapping site to the hole scavenger 
(3 and IV). 
To further confirm that the broad absorption is due to the hole 
absorption, we measured the OTA spectra of CuS NDs in the presence 
of a hole scavenger, 1-dodecanethiol. As shown in Figure S1 (SI), at 
early time (<2 ps), the main spectral features and the kinetic trace of 
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CuS NDs in the presence of 1-dodecanethiol appear to be identical to 
that of CuS NDs, suggesting that the hole trapping process is 
insensitive to the presence of a hole scavenger. At later time (>2 ps), 
however, the OTA spectra of CuS NDs in the presence of 1-
dodecanethiol decay faster and eventually invert to a long-lived broad 
negative (bleach) signal at <700 nm (Figure S1 (SI) and Figure 3d). 
The accelerated decay of the broad absorption in CuS NDs due to the 
presence of a hole scavenger, which has been seen in other 
semiconductor nanocrystals,28 unambiguously confirms the assignment 
of the broad absorption in the whole spectral window to hole 
absorption. The origin of the formation of the broad bleach signal in 
the presence of 1-dodecanethiol at later time (>100 ps) remains 
unclear to us. One possibility is that due to hole transfer from CuS NDs 
to 1-dodecanethiol (step 3, Scheme 1), the hole density in the valence 
band of CuS NDs is reduced. As a result, the transition probability for 
electrons from the deeper level of the valence band to the intrinsic 
hole region is reduced, giving rise to a broad bleach signal. This broad 
bleach signal is long-lived (≫5 ns, limited by our OTA setup window), 
indicating the slow charge recombination between CuS NDs and the 
hole scavenger. 
These results all suggest that the initial broad absorption 
(centered at 672 and 530 nm) likely originated from the hot hole 
carriers after 1000 nm excitation, while the spectrum centered at 690 
and 480 nm likely originated from the surface-trapped hole absorption. 
The kinetic traces in Figure 3c can all be fitted by a three-exponential 
function with the same time constants. Instead of three decay 
components of 0.44 (60%), 20.8 (24%), and 189 ps (16%) for the 
kinetic trace at 650 nm, the kinetic trace at 460 nm can be best 
represented by a rising component (0.44 ps) and two decay 
components, 20.8 (63%) and 189 ps (37%). The time constant of 
0.44 ps can be attributed to the hole trapping process (step 2, Scheme 
1), while the two decay components with 20.8 and 189 ps time 
constants can be assigned to the recombination of the charge carriers. 
In addition to 1000 nm excitation, carrier dynamics after band 
gap excitation at 400 nm was also examined. As shown in Scheme 1, 
after band gap excitation, the electron in the valence band is promoted 
to the conduction band (step I), leaving a hole behind. In principle, we 
expect to see the signals resulting from the photoinduced electron in 
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the conduction band in addition to the hole absorption. In contrast, the 
OTA spectra after band gap excitation (Figure S2, SI) resemble the 
spectra collected upon 1000 nm excitation, indicating that the OTA 
signals after band gap excitation are also dominated by the hole 
absorption with negligible contribution from photoinduced electrons in 
the conduction band. We believe that this is either due to significantly 
smaller extinction coefficient of photoinduced electrons than that of 
holes or the electron signal is outside of our probed spectral range. 
Analogous to 1000 nm excitation, the kinetic traces after band gap 
excitation are probe-wavelength-dependent (Figure S2, SI), 
suggesting that the hole trapping process occurs upon band gap 
excitation. However, the early time kinetic traces between two 
experiments are slightly different. Instead of instant rising at 650 nm 
after 1000 nm excitation, an ultrafast rising component was observed 
at 650 nm after 400 nm excitation. Because the energy of 400 nm is 
larger than the band gap (∼525 nm), an extra relaxation process, that 
is, the electron/hole promoted to the higher levels of 
conduction/valence bands quickly relax to band gap edge (step II), 
was included. Therefore, the rising component observed at 650 nm 
after 400 nm excitation is likely due to the relaxation of hot carriers 
from a higher energy level to the band edge. 
The nature of the carrier trapping state was investigated by 
probing the Cu valence state using XTA. The XTA spectrum at the Cu 
K-edge was collected in fluorescence mode at the 11ID-D beamline of 
the Advanced Photon Source (APS). Figure 4a shows the X-ray 
absorption near-edge structure (XANES) spectrum. The sharp peak at 
8.986 keV corresponds to a 1s → 4pz transition, while the broad 
transition between 8.99 and 9.01 keV results from the promotion of 1s 
to 4px,y unoccupied states. The peak at around 9.052 keV is mainly 
due to the scattering of the outgoing photoelectrons from the first 
coordination shell of S atoms. These features are consistent with Cu K-
edge XAS of polycrystalline CuS powders reported by Kumar et al., 
which further confirms the CuS ionic model.24 Also shown in Figure 4a 
is the transient X-ray absorption signal of CuS NDs (red plot), which is 
presented as the difference XANES spectrum obtained after 
subtracting the laser-off spectrum from the laser-on spectrum at 65 ps 
after 400 nm excitation. The positive feature (A) at 8.983 keV in the 
difference spectrum indicates that the Cu transition edge shifts to 
lower energy after laser excitation, suggesting photoinduced reduction 
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at the Cu center. The full width at half-maximum (fwhm) of the X-ray 
probe is ∼120 ps, and the hole trapping process occurs on the 
subpicosecond time scale, revealed by OTA. Therefore, the XTA 
spectrum collected at 65 ps after laser excitation measures the hole 
recombination dynamics after trapping is complete. Consequently, the 
observed Cu reduction indicates that the holes are removed from the 
Cu site and trapped at the surrounding S or ND ligands. Following the 
hole trapping process, the recombination of the trapped holes with 
electrons in the Cu site occurs, which was also captured by monitoring 
the intensity of the positive feature at 8.983 keV in the difference 
spectrum of CuS NDs (Figure 4b). The decay kinetics of the feature at 
8.983 keV was fitted to a convolution of a Gaussian function, with the 
120 ps fwhm representing the X-ray pulse and an exponential function 
representing the excited hole population. The lifetime of the excited 
hole was 154 ± 7 ps by fitting the XTA data, consistent with the above 
OTA results. 
 
Figure 4. (a) XANES spectrum of CuS NDs at the Cu K-edge before laser excitation. 
The difference spectrum is obtained by subtracting the laser-off XANES spectrum from 
laser-on spectrum. Labels (A–D) indicate the main features observed in the difference 
spectrum. (b) The time dependence of the transient signal at 8.983 keV of CuS NDs. 
In addition to the positive feature A, a negative transient signal 
in the range of 8.99–9.01 keV (indicated as valley B in Figure 4a) 
implies the decreased 1s to 4px,y absorption intensity. The positive 
feature C and negative feature D in the difference spectrum are 
located around the valley and the peak of the oscillation of XANES 
spectrum, respectively. Because the oscillation at this region 
corresponds to the scattering from the first coordinate shell, the 
observed transient signals at C and D indicate the damping of the 
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oscillation amplitude. The damping of the oscillation amplitude can be 
caused by elevated thermal or structure disorder. Because the X-ray 
pulse width is 120 ps and the thermal effect normally disappears after 
several picoseconds to 20 ps through vibrational cooling with the 
solvent, the damping of the oscillation amplitude is more likely due to 
the increased structure disorder after photon excitation. 
In summary, we have examined the photoinduced carrier 
dynamics in monodispersed CuS NDs using the combination of OTA 
and XTA. OTA experiments unambiguously confirmed the photoinduced 
hole signal following the excitation of the plasmonic mode and band 
gap excitation. It was found that hole trapping occurs within 
subpicoseconds, which is followed by charge recombination with a 
∼100 ps time constant. XTA results revealed that the trap states are 
likely associated with S, which has a Cu deficiency, and/or the ligands 
on the surface of NDs, suggesting the possibility to control the hole 
dynamics by monitoring the surface structure or Cu stoichiometry. In 
addition, the ultrafast hole trapping process may compete with 
electron/hole recombination, the understanding of which will facilitate 
the study on the following charge transfer to electron/hole acceptors 
and thus provide guidance on their future application as light 
absorption and charge-transport materials for photovoltaics and 
photocatalysis. 
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Chemicals and Materials  
Copper (I) chloride (99 %), 1-octadecene (ODE, 90 %), oleic acid (OAc, 90%), hexadecylamine 
(HDA, 90 %) and Sulfur sublimed (99.5%) were purchased from Sigma-Aldrich.  
Preparation of Sulfur Precursor Solution (ODE-S)  
Sulfur in 1-octadecene (ODE), a well-known sulfur source for the synthesis of metal sulfide 
nanocrystals, is prepared by dissolving elemental sulfur in ODE. Sulfur sublimed (102.6 mg, 3.2 
mmol) was dissolved in 5 mL ODE under argon atmosphere at 110 °C. The mixture was stirred 
at 110 
o
C for 1 h to obtain a clear light yellow solution. 
Synthesis of CuS Nanodisks:  
 2 
Copper (I) chloride (49.5 mg, 0.5 mmol) and 1-hexadecanamine (HDA) (1.21g, 5 mmol) were 
dissolved in 10 mL ODE. The solution was heated to 110 °C under argon flow and maintained at 
this temperature for 1 h to remove water and other low-boiling point impurities. The ODE-S (4 
mL, 3 mM) was then rapidly injected into the reaction flask at 90
o
C. The solution was allowed to 
react for 5 min and afterwards it was quickly cooled down to 70 °C. Oleic acid (OAc) was added 
to the mixture at 70 °C to replace the weakly bound HDA during cooling process. The crude 
solution was isolated by centrifugation and kept in chloroform. 
Preparation of CuS ND solution for Optical Studies 
In optical measurement, CuS NDs were dissolved in toluene solution. For the optical experiment 
in the presence of hole scavenger, 0.5 mL 1-dodecanethiol was added to 0.5 mL CuS NDs in 
toluene solution followed by sonication. The transient absorption spectra of the obtained CuS 
ND solutions in the absence and presence of hole scavenger were measured under the same 
experimental conditions. 
Experimental Methods 
Powder X-ray diffraction (XRD) patterns were collected on a Rigaku D/Max-2400 
diffractometer with Cu-Kα radiation (λ = 1.54178 Å). Transmission electron microscopy (TEM) 
images were recorded on Tecnai G2 F30 Field Emission Transmission Electron Microscope. The 
XPS (X-ray photoelectron spectroscopy) was obtained on a PHI-5702 multi-functional 
spectrometer using Al Kα radiation.  
Femtosecond Absorption Spectroscopy is available in Dr. Huang’s research lab. The 
spectrometer is based on a regenerative amplified Ti-Sapphire laser system (Solstice, 800nm, < 
100 fs FWHM, 3.5 mJ/pulse, 1 KHz repetition rate). The tunable pump is generated in TOPAS 
which has output with tunable wavelength ranging from 254 nm to 1100 nm. The tunable UV-
 3 
visible probe pulses are generated by while light generation in a Sapphire window (430-750 nm) 
on a translation stage. The femtosecond transient absorption is performed in Helios ultrafast 
spectrometer (Ultrafast Systems LLC). The sample cuvette path length was 2 mm.   
Time Resolved X-ray Absorption Spectroscopy was performed at beamline 11ID-D, 
Advanced Photon Source (APS) at Argonne National Laboratory. The 400 nm, 100 fs laser 
pump pulse was the second harmonic output of a Nd:YLF fs Ti:Sapphire regenerative amplified 
laser operating at 10 kHz repetition rate. The experiment was carried out under a hybrid timing 
mode where an intense X-ray pulse with 16% of the total average photon flux was separated in 
time from other weak X-ray pulses. The intense X-ray pulse with 160 ps FWHM and 271.5 kHz 
repetition rate was used as the probe. The solution was flowed through a stainless steel tube and 
formed a free jet of 550 m in diameter. Two avalanche photodiodes (APDs) positioned at 90˚ 
angle on both sides of the incident X-ray beam collected the X-ray fluorescence signals.  A 
soller slits/Ni filter combination, which was custom-designed for the specific sample chamber 
configuration and the distance between the sample and the detector, was inserted between the 
sample fluid jet and the APD detectors.   
The outputs of the APDs were sent to a fast analyzer cards (Agilent) triggered by a 10 
kHz signal that was synchronized with laser. The card digitized the x-ray fluorescence signals as 
a function of time at 1 ns per point after each trigger and averaged repeated measurements at a 4 
second integration time. All individual x-ray pulses between two laser pulses were recorded. The 
intensity of each individual x-ray pulse of the sample detector was normalized by the intensity of 
the same pulse given by the normalization detector. The fluorescence from the synchronized x-
ray pulse at chosen delays after the laser excitation was used for building the excited state 
 4 
spectrum and the ground state spectrum was obtained by averaging x-ray pulses in the previous 
20 synchrotron ring cycles. 
 
Figure S1. Optical transient absorption spectra of CuS NDs at early time (< 2ps) (a) and later 
time (> 2ps) (b) in the presence of hole scavenger after 1000 nm excitation.  
 
Figure S2. Optical transient absorption spectra of CuS NDs at early time (< 2ps) (a) and later 
time (> 2ps) (b) after 400 nm excitation.  (c) The comparison of OTA kinetic traces of CuS NDs 
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